Bi 2 Sr 2 CaCu 2 O 8 (Bi-2212) superconducting nanowires are synthesized by the electrospinning method. Two different precursors were employed to grow the nanowires, a Pb-doped one and an Cu,Ca-enriched one. The granular polycrystalline character was confirmed by scanning electron microscopy and X-ray diffraction measurement.
I. INTRODUCTION
Superconducting nanowires form an attractive research field for over decades, ranging from several types of low temperature superconductors 1 to high temperature cuprate superconductors 2 . With decreasing size and the dimension constraint, superconducting nanowires provide magnetic and electric properties different from bulk materials, which may create some new possibilities for applications. The most famous application of superconducting nanowires are the single phonon detectors 3, 4 . The other important aspect is the fundamental research on superconductivity in confined geometry. Theoretical work based on the BCS theory has been reported demonstrating the influence of thermal and quantum fluctuation onto the superconducting properties [5] [6] [7] . Furthermore, superconductivity of granular superconductors is a topic of interest ranging from bulks, thin films to one dimensional nanowires. Most of the samples investigated in the literature were produced from epitactic thin films grown by various methods and subsequently etched by ebeam lithography or focused ion beam (FIB) techniques 8, 9 .
The sol-gel growth method is one of the popular methods producing granular, polycrystalline samples with nanometer-sized grains 10 . This approach can be combined with the electrospinning technique, which is a typical approach fabricating high yield, long polymer and ceramic nanowires 11 . After removing of the organic ingredient by the heat treatment, the nanowires are formed of single crystal-like grains chaining with each other. An important feature of these nanowires is the formation of a fabric-like, non-woven network without a substrate. Therefore, the influence of the substrate on the nanowire properties is eliminated here. The intergrain weak links supply the main contribution to the granular effect, and during the heat treatment, interconnects between the individual nanowires are formed, which are important for the current flow through the entire sample perimeter.
In this paper, we focus on the preparation of electrospun superconducting Bi 2 Sr 2 CaCuO 8 (Bi-2212) nanowires from two different precursor types, (i) a Cu, Ca-enriched precursor and
(ii) a Pb-doped stoichiometric precursor. In Sec. II, the procedure of the nanowire synthesis is introduced, including the morphological characterization and phase confirmation. In Sec.
III, a comparison of magnetic and electric properties between Pb doped and undoped samples is presented, and the superconducting properties of the granular nanowire network with intergrain weak links will be investigated. Finally in Sec. IV, we will give some conclusions. To remove the organic compounds and obtain the Bi-2212 phase, a thermal treatment is applied in a laboratory box furnace according to a differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) as presented in Figure 1 . The temperature of the final step thermal treatment is over 800
• C as for the solid thermal synthesis of bulk materials, the sample obtains the phase at 825
• C. An additional treatment at 500
environment is required to compensate the oxygen loss during the former heat treatment process. (b) via a high-resolution automated RINT2200 X-ray powder diffractometer, using Cu-K α radiation generated at 40 kV and 40 mA. It turns out that with both precursors, the nanowires can obtain the Bi-2212 phase after the thermal treatment. According to the analysis of the peaks, the average grain size of the 1112 sample is about 46.1 nm. However, the 5% Pb-doped sample presents a worse crystallinity than the 1112 sample, as the peaks from the spectrum have larger FWHM (full width at half maximum) values, and the average grain size is also found to be smaller, i.e., 39.1 nm. This can be attributed to the influence of the lead addition, as the Pb-doping faciliates the formation of the Bi-2212 phase, however, it also induces a lattice distortion.
The nanowires obtained from electrospinning method always have a variation of the diameter. Figure 4 shows the distribution of the wire diameter from both samples. The value has a range from 140 to 580 nm. wire diameters of both samples are around 320 nm, which is in the range of the London penetration depth 18 .
III. EXPERIMENTAL PROCEDURE A. Magnetic measurement
The superconductivity of both the 1112 and Pb-doped samples has been investigated for their magnetic behavior via the superconducting quantum interference device (SQUID). In the case of the Pb-doped sample, the irreversible superconducting loop vanishes above 65 K, and a reversible paramagnetic curve is observed. This demonstrates that above this temperature the irreversibility due to the flux pinning is gone, and no vortices are pinned in the sample. Such result has a good agreement with the irreversibiity starts at around 63
K from the M (T ) curve. We can conclude here that the pinning landscape of the Pb-doped sample is worse as compared to the 1112 sample, especially at high temperatures. 
B. Electric properites
In order to clarify whether the Pb-doping has a positive or negative influence to the superconductivity of the sample, four-probe measurement is applied to investigate the resistance dependence on temperature. Before the connection to the electrodes, the samples have been coated with 100 nm gold as to enhance the contact quality. shows an exponential relationship with the inverse of the temperature. Such regimes can be fitted by the mathematic expression exp(−∆F/kT ) (see the insets to Fig. 7) . ∆F is the energy required to locally suppress superconductivity. This indicates that the resistances are resulting from the thermal activated phase slip (TAPS) 27 . The residual resistance at the second step is the one due to the intergrain weak links inside the nanowires 29 . With increasing field, the regime of the first step becomes even broader due to the enhanced phase slip rate with field 30 . Such effect is more sensitive than the variation of R N in field, thus the two steps get closer at higher field. At 10 T applied field, the steps merge to one.
In the case of the 1112 sample, the onset of superconductivity is about 85 K, which means that the value of critical temperature is higher than the one from the M (T ) curve, 76 K.
The 9 K enhancement can be attributed to the influence of the coating gold layer, which has been proven by the comparison of the M (T ) curves with and without gold coating ( Figure   ? ?). To the Pb-doped sample, the 0 T curve shows a T c around 78 K. Considering the same thickness of gold layer which contributes a similar increase to the T c , we can estimate that the T c of the Pb-doped sample is about 68 K, which is much lower than the one obtained from the M (T ) curve.
The superconductivity increasement from the gold is opposite to the proximity effect that metal layer decreases the T c of the superconductor. One of the possible explanation is that the gold layer introduces the intergrain Josephson coupling to the sample, leading to a higher T c ? .
IV. CONCLUSION
The Bi-2212 nanowire networks have been fabricated by electrospinning method and the consequent thermal treatment. In order to obtain the superconducting phase, the excess of copper, calcium salts and the Pb-doping (as the substitution of bismuth) are applied as two treatments to the precursors. The samples from both precursors show a similar polycrystalline nanowire structure with the wire diameter comparable to the penetration depth. According to the XRD result, the 1112 sample is better crystallized than the Pbdoped sample. The magnetic measurements reveal clear differences between the two samples.
From the M (T ) measurement, the Pb-doped sample has a higher value of T c than the 1112 sample, however, the M (H) measurement shows the opposite. In the R(T) measurement, 
